Abstract Spermatogenesis and the spermatozoon of Acanthostomum (Atrophocaecum) aswaninesis, were studied by transmission electron microscopy. Spermatogonia characterized by a large nucleocytoplasmic ratio, give rise to two generations of spermatocytes. The secondary spermatocytes divide forming early spermatids that fuse together into a common cytoplasmic mass.
Introduction
Sperm ultrastructure and spermiogenesis have been widely used as tools for examining phylogeny in the parasitic platyhelminthes (Ehlers, 1986 (Ehlers, , 1988 Brooks, 1989; Justine, 1991a Justine, ,b, 1997 Brooks and Mclennan, 1993) . Several ultrastructural descriptions have been carried out on species in 32 families, but most taxa remain unstudied.
In particular, the spermatozoon screens various useful characters for phylogeny, which have been used by most authors to elucidate the phylogenetic relationships between higher parasitic platyhelminthes (Brooks et al., 1985; Justine, 1991b Justine, , 1998 Justine, , 2001 Baˆand Marchand, 1994 , 1995 Hoberg et al., 1997; Ashour et al., 2001 Ashour et al., , 2003 and others. The majority of available studies deal with the eucestoda, especially of order cyclophyllidea. Nevertheless, in the digenea, there is an absence of key data for establishing a correct phylogenetic model (Ndiaye et al., 2002) . Enlarged primary spermatogonium (Sg1) with a characteristic large nucleocytoplasmic ratio, nucleus (N) with nucleolus (nu), mitochondria (M) and numerous ribosomes (R). Scale bar = 500 nm. The digenean spermatozoa share few characteristics: nucleus in the posterior areas of the sperm, one or more mitochondria, parallel cortical microtubules and two axonemes of the 9+ ''1'' pattern of trepaxonematan platyhelminthes (Ehlers, 1985) . However, many other particularities have been described, but without information about the pattern of spermiogenesis and spermatozoon characteristics for determining phylogenetic purposes (Ndiaye et al., 2003a) .
Actual knowledge of sperm ultrastructure is limited to 40 genera of the digenea. A data base and consensus similar to the case of the cestodea has not been established, because most of the species have only been partially studied. It requires a general review of all the studies existing to evaluate several characters found in spermatozoon development (Justine, 1995; Gracenea et al., 1997) .
The present study elucidate the characteristics of spermatogenesis, spermiogenesis and sperm ultrastructure of Acanthostomum (Atrophocaecum) aswaninesis (Acanthostomatidae) that could be compared and discussed with those of the other species of the same order.
Materials and methods
Specimens of A. (A.) aswaninesis were collected a live from the intestine of Egyptian Bagrus bayad caugh from Timsah lake. The worms were removed from their hosts, fixed in cold (4°C) 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at pH 7.2. rinsed in 0.1 M sodium cacodylate buffer at pH 7.2. post fixed in cold (4°C) 1% osmium tetroxide in the same buf- Fig. 10 Longitudinal section of differentiation zone, after the flagellar rotation, showing flagella (f1, f2) parallel to the spermatid axis, arching membranes (Am), striated rootlets (Sr) and nucleus (N). Scale bar = 500 nm. Fig. 11 Longitudinal section of differentiation zone, after the flagellar rotation, showing flagella (f2), arching membranes (Am), striated rootlets (Sr), nucleus (N) and median cytoplasmic process (Mcp) . Note the thickening of the cell membrane due to aggregation of cortical microtubules beneath the membrane (arrow heads). Scale bar = 500 nm.
Fig. 12
Cross-section of a median cytoplasmic process (Mcp) previous to the proximodistal fusion. Note the presence of attachment zones (arrows), cortical microtubules (Cm) and mitochondria (M). Scale bar = 500 nm. fer for 1 h, dehydrated in ethanol and propylene oxide, embedded in resin, at 60°C for 48 h.
Ultrathin sections (60-90) nm at different levels in the body (testes and vas deferens) were cut on Mt 600-XL RMC ultramicrotome.
The sections were mounted on copper grides and stained with uranyl acetate and lead citrate. Stained girds were then examined in JEOL/200 Ex2-transmission electron microscope at an accelerating voltage of 60 KV at the central laboratory, faculty of science, Ain shams University.
Results

Spermatogenesis
Observations carried out on sections of A. (A.) aswaninesis testes show that cells at the same stage of spermatogenesis are grouped tightly together into clusters, that are scattered throughout the testes (Fig. 1) . Cell development in the testes begins at the periphery of the testes and as the cell proceed through spermatogenesis, the spermatogenic stages become increasingly shifted towards the center of the testicular lumen (Figs. 1 and 3) .
The process of spermatogenesis beings with the single-celled primary spermatogonia located at the periphery of the testis, often in contact with the testicular wall (Fig. 1) . The spermatogonia have a high nucleo-cytoplasmic ratio. Within the nucleus, clumps of heterochromatin are scattered throughout the nucleoplasm and prominent nucleolus. The cytoplasm is relatively dense with free ribosmes and many small mitochondria grouped at one pole of the cell (Fig. 2) .
The cells remain close to the peripheral wall of the testicular tissue, following a phase of cellular differentiation, mitosis of the tertiary spermatogonia results in an irregular orders of 8 primary spermatocytes (Fig. 3) .
The primary spermatocytes are irregular in shape, where their nucleo-cytoplasmic ratio is decreased .The nucleus is rounded or oval, contains electron dense chromatin and the mitochondria is concentric around the nucleus (Fig. 4) . The first meiotic division of the primary spermatocytes produces secondary spermatoctyes. The secondary spermatocytes are elongated cells, with mitochondria accumulate at the cell apex (Fig. 5) .
Up on the completion of meiosis, spermatids coalesce in a common cytoplasmic mass, at this stage the spermiogenesis begins and common cytoplasmic mass becomes ready to produce spermatozoa.
Spermiogenesis
The beginning of spermiogenesis in A. (A.) aswaninesis is marked by the formation of a differentiation zone in each spermatid that is characterized by a cytoplasmic extension (Figs. 6 and 7), the extension is further delimited by a circle of arched membranes ( Fig. 8) surrounded by cortical microtubules. The developing spermatid contains two centrioles joined by an inter-centriolar body, that is composed of electron-dense layers separated by electron-leucent layers (Fig. 9 ). Each centeriole is associated with a striated rootlet (Figs. 10 and 11), which has an elongated triangular form.
Each centeriole gives rise to a flagellum (axoneme) that grow externally to the emerging median cytoplasmic process (Figs. 10 and 11) . At the beginning of their development, the two flagella grow orthogonal to the median cytoplasmic process. Subsequently, they undergo a 90°rotation to an orien- tation parallel to the median cytoplasmic extension with which they fuse (Figs. 7-12 ). The fusion is proximodistal.
The rotation and proximodistal fusion of the flagella are asynchronous, i.e., one flagellum fusing before the other (Figs. 10 and 11) .
The attachment zones indicating the fusion of the flagella to the median cytoplasmic extension were observed before the proximodistal fusion of the free flagella. The fusion of the flagella with the median cytoplasmic process determines the appearance of 2 sets of cortical microtubules, one dorsal and the other is ventral (Fig. 12) .
The nucleus and mitochondria migrate toward the median cytoplasmic process before the proximodistal fusion of the flagella (Fig. 12) . However, a longitudinal sections of the differentiation zone revealed that nuclear migration take place after flagellar rotation (Figs. 10 and 11). Striated rootlets are progressively displaced toward the basfige of the spermatid, and finally the ring of arched membranes is constricted and the spermatozoon detaches from the residual cytoplasm.
Spermatozoon
Mature spermatozoa of A. (A.) aswaninesis were studied in the vas deferens and the testes. Spermatozoa pass up the vas deferens into the seminal vesicles, where they stored until required. The cells lining the wall of the vas deferens produce numerous microvilli that apparently act to drive the spermatozoa towards the seminal vesicle (Figs. 13 and 14) . they are filiform, tapered at both ends and characterized by the presence of 2 axonemes of the 9+ ''1'' pattern, a pair of mitochondria, a nucleus, external ornamentation of the plasma membrane, cortical microtubules and glycogen granules.
After examining a large series of longitudinal and transverse sections, we distinguished five regions (I-V) from the anterior to posterior extremities, characterized by different ultrastructural features (Fig. 31 ).
Region I (Figs. 15-18 and 31)
This premitochondrial region corresponds to the anterior extremity of the spermatozoon. It is characterized in the anterior part by the presence of single axoneme of 9+ ''1'' pattern of trepaxonemata surrounded by plasma membrane (Figs. 15  and 16 ). Transverse sections of this region demonstrate the lack of cortical microtubules. The second axoneme and a submembranous layer of cortical microtubules soon appear afterward below the anterior tip (Fig. 17) . Regularly spaced cortical microtubules form 2 groups, one above and one below the paired axonemes (Fig. 17) . Each axoneme consists of 9 sets of doublet microtubules arranged in a cylinder around a central element which appears as a single dense-cored fibril. The outer microtubules bear dynein side-arms running in a clock-wise direction and radial spokes that connect each doublet to the central element.
In the posterior part of region I, external ornamentation of the plasma membrane was observed, associated with microtubules (Figs. 18 and 31 ).
Region II (Figs. 19-21 and 31)
The anterior part of this region is distinguished by the presence of a thin first mitochondrion, two axonemes, cortical microtubules, glycogen granules and external ornamentation on the plasma membrane associated with cortical microtubules, lines the periphery of the sperm in the region of the first mitochondrion (Fig. 19) .
The spermatozoon contains two elongate mitochondria, the first mitochondrion is located close to the anterior tip of the spermatozoon and is central in position between the 2 axonemes, where the cortical microtubules disposed on two bundles, and absent in the lateral faces along the axoneme. The ventral bundle of cortical microtubules exhibit the highest number of elements, about ''12-13'' tubules. Abundant glycogen granules appear progressively in contact with cortical microtubules (Fig. 19) .
In the middle part of region II the external ornamentation of the plasma membrane have disappeared while only the two axonemes and the first mitochondrion still present, two sets of cortical microtubules lie on the either side of the two axonemes (Fig. 20) .
In the posterior part of this region the fist mitochondrion tapers of rapidly and becomes separated from the second mitochondrion by a short intermediate region, where only axonemes and cortical microtubules can be seen. External ornamentation of the ventral field have disappeared (Fig. 21 ).
Region III (Figs. 22-24 and 31) The anterior part of this region represents the separation of first mitochondrion from the second mitochondrion in a short region, just before the second mitochondria, where the cortical microtubules disappear completely and a narrowing of the spermatozoon, that represented only by the 2 axonemes and the glycogen granules (Fig. 22) .
In the middle and posterior part of this region the cortical microtubules reappear and the second mitochondria were observed separating the axonemes. The cortical microtubules form 2 arches above and below the mitochondria and granules of glycogen appear progressively between the two axonemes ( Figs. 23 and 24 ).
Region IV (Figs. 25 and 31)
It characterized by the presence of an overlap between the mitochondrion and the nucleus, two axonemes and the cortical microtubules remain as two sets, above and below the other organelles. Transverse sections of the spermatozoon show abundant glycogen granules in contact with cortical microtubules (Fig. 25) .
Region V (Figs. 26-30 and 31)
This corresponds to the nuclear area of the mature spermatozoon. The second mitochondrion has disappear. The anterior part of this region presents two axonemes, large nucleus with very dense chromatin, a few cortical microtubules and a reduced quantity of glycogen granules (Figs. 26 and 27 ). In the posterior area of this region, the transverse sections detected only a single axoneme and large nucleus, within the nucleus the chromatin is very dense and nuclear envelope is thickened and irregularly folded (Fig. 28) . Then the nucleus is tapers off and only one axoneme is seen in the cross section (Fig. 29) .The cortical microtubules are completely absent in region V.
At the posterior tip of spermatozoon, the doublet microtubules of the axoneme lack dynein arms, central element and spokes (Fig. 30) .
Discussion
Spermatozoon ultrastructure has been considered a morphological feature of use in resolving phylogenetic relationships within the platyhelminthes (Justine et al., 1985; Hendelberg, 1986; Baˆand Marchand, 1994 , 1995 Justine, 1991a Justine, ,b, 1995 Justine, , 1998 Justine, , 2001 Ndiaye et al., 2003a; Ashour et al., 2003; Levron et al., 2003; Brunanska et al., 2004; Soliman and Ahmed, 2004; El-Naggar et al., 2011. The basic pattern of spermatogenesis of A. (A.) aswaninesis is Identical to that previously described in other digenean trematodes, including Corrigia vitta, Bucephaloides gracilescens, Fasciola hepatica, Sacocoelioides godoyi, Fasciola gigantica, Eumegacetes (Pothovitellum) hirundus and Acanthostomum aswaninesis (Robinson and Halton, 1982; Erwin and Halton, 1983; Stitt and Fairweather, 1990; Baptista-Farias et al., 2001; Ashour et al., 2001; Soliman and Ahmed, 2004; El-Naggar et al., 2011) . In these parasites, spermatogenesis begins with the primary spermatogonium, which undergoes three mitotic and two meiotic divisions to give rise to 32 spermatid, which become morphologically transformed into spermatozoa. Finally the production of large numbers of spermatozoa due to the synchronous division of the cells (Stitt and Fairweather, 1990) .
Spermiogenesis
The general process of spermiogenesis of A. (A.) aswaninesis is similar to that of other dignean species (Rees, 1979; Justine, 1991a,b; Miquel et al., 2000; Baptista-Farias et al., 2001; Quilichini et al., 2007; Seck et al., 2008b; El-Naggar et al., 2011) . A differentiation zone appears at one point along the periphery of the spermatid, and then a median cytoplasmic expansion extend away to form a median cytoplasmic process.
Two centerioles give rise to flagella, which carry out a 90°r otation and then fuse with the median cytoplasmic process. During this time the nucleus and mitochondria migrate in the differentiation zone. Then, the spermatozoon is formed after narrowing of the arched membranes. There is a number of exceptions to this pattern among monogenetic and digenetic trematodes (Justine and Mattei, 1983a,b; Justine et al., 1985) . In A. (A.) aswaninesis, the fusion of the flagella with the median cytoplasmic process is proximodistal. This phenomenon is regularly observed in trematodes. Here the fusion zone is marked by the presence of four electron-dense lines, which appear during the spermiogenesis, this is identical to Cotylophoron cotylophorum (Seck et al., 2008b) . In A. (A.) aswaninesis, the two flagella undergo a rotation of 90°, then become parallel to the median cytoplasmic extension, and fuse with it. This rotation is identical to those observed in the majority of the digeneans as C. vitta (Robinson and Halton, 1982) ; S. godoyi (Baptista-Farias et al., 2001 ); E. (P.) hirundus, (Soliman and Ahmed, 2004) ; Carmyerius endopapillatus, (Seck et al., 2008a) and C. cotylophorum, (Seck et al., 2008b) . However, some trematodes show flagella rotation greater than 90°such a rotation has been described only in F. hepatica (Ndiaye et al., 2003b) ; Helicometra fasciata (Levron et al., 2003) ; Monorchis parvus (Levron et al., 2004b) and Crepidostomum metoecus, .
Flagellar rotation and proximodistal fusion are asynchronic process, as reported for other species of digenea, e.g., Haemotoloechus medioplexus (Plagiorchiidae) (Burton, 1972) , Opecoeloides furcatus and Helicometra fasciatea (Opecoelidae) (Miquel et al., 2000; Levron et al., 2003) , Saccocoeliodes dodoyi (Haploporidae) (Baptista-Farias et al., 2001) , F. gigantica (Fasciolidae) (Ndiaye et al., 2004 ), E. (P.) hirundus (Soliman and Ahmed 2004) and C. cotylophorum (Paramphistomatidae) (Seck et al., 2008b) . Miquel et al. (2000) in O. furcatus, have described an a synchronic process of proximodistal fusion and discussed that, the first fused flagellum migrates to distal areas of the spermatid after its fusion with the median cytoplasmic process but before the complete proximodistal fusion of the second flagellum, which supports the hypothesis of this a synchronicity and represents the origin of the anterior extremity of future spermatozoa with a single axoneme. Ndiaye et al. (2002) also observed a single axoneme in both cross and longitudinal sectons of Scaphiostomium palaearcticum spermatozoon, as a result of the displacement of one of the axoneme with respect to the other.
The present study described that, the nucleus migration towards the median cytoplasmic process occurs before the migration of the mitochondria. This is in agreement with many published reports (Burton, 1972; Erwin and Halton, 1983; Hendow and James, 1988; Iomini and Justine, 1997; Miquel et al., 2000; Baptista-farias et al., 2001; and Soliman and Ahmed, 2004) . But in contrast with the results obtained by Gracenea et al. (1997) in Postorchigenes gymnesias, that described the mitochondrion migration occur before the nucleus migration.
Other elements such as the intercentiolar body and the striated rootlets are characteristic to the differentiation zone. In A. (A.) aswaninesis, the intercentriolar body appears composed of electron dense layers separated by electron-light spaces, whereas it consists of (9) electron dense layers in Cryptocotyle lingua (Rees, 1979) , Microphallus primas (Castiho and Barandela, 1990 ) and Monorchis parvus (Levron et al., 2004b) and consist of (7) electron-dense layers in Brachylaima sp. (Gracenea et al., 2000) , H. fasciata (Levron et al., 2003) and Crepidostomum metoecus .In other species as Ceylonocotyle scoliocoelim (Li and wang, 1997) , Troglotrema acutum (Miquel et al., 2006) , Paramphistomium microbothrium (Seck et al., 2007) , Carmyerium endopapillatus (Seck et al., 2008a) , and C. cotylophorum (Seck et al.,2008b) , it composed of a thin electron-dense central layer and six electron-dense lateral layers separated by electron light spaces. In some trematodes, the intercentriolar body exhibits asymmetrical organization, as described in Deropristis inflate . Burton (1972) discussed that, each of these two elements plays a role during spermiogenesis. The purpose of the striated roots could be to stabilize the flagella during fusion with the median cytoplamic process and the intercentriolar body could be used to store material for the polymerization of the microtubules. Robinson and Halton (1982) proposed the intercentriolar body as a precursor of the cortical microtubules, while Sopott- Ehlers (1990) regards the intercentriolar body as essentially involved in sperm cell elongation. This element disappears in the mature spermatozoa.
Spermatozoon
The ultrastructure of the spermatozoon of A. (A.) aswaninesis follows the general pattern found in the digenea, i.e., 2 axonemes with 9+ ''1'' pattern of the Tre paxonemata (Ehlers,1984) , a nucleus, one or two mitochondria, cortical microtubules, and glycogen. In addition, the anterior part of the spermatozoon of A. (A.) aswaninesis possesses a single axoneme, as in most of the digeneans examined to date, e.g., Neochamus sp (Daddowl and Jamieson, 1983) , Postorchigenes gymnesicus (Gracenea et al., 1997) , S. palaearcticum (Ndiaye et al., 2002) , Dicrocoelium hospes (Agostini et al., 2005) , C. metoecus , C. cotylophorum (Seck et al., 2008b) and A. aswaninesis (El-Naggar et al., 2011) . The present study revealed that the anterior extremity of mature spermatozoon showing a single axoneme without a cortical microtubules, this is in contrast to El-Naggar et al., 2011, who revealed that the anterior extremity consists of a single axoneme with 4-5 cortical microtubules.
On the other hand the present study described for the first time in A. (A.) aswaninesis an external ornamentations outside on the plasmic membrane in the posterior area of region 1 and in the first mitochondrial region of the mature spermatozoon .However, in A. (A.) aswaninesis, this ornamentation seemes to be linked to areas occupied by the ventral bundle of cortical microtubules and zones with the highest number of cortical microtubules .All transverse sections of this area exhibiting external ornamentation have a bundle of 12-13 ventral cortical microtubules. Nevertheless, a peculiarity is observed in the zone of dorsal microtubules not surrounded by ornamentations, these microtubules are closer to one another. Our results is closely similar to those described in many other digeneans (Jamieson and Daddow, 1982; Justine and Mattei, 1982b; Gracenea et al., 1997; Iomini and Justine, 1997; Miquel et al., 2000; Ndiaye et al., 2003a; Soliman and Ahmed, 2004; Quilichini et al., 2007; Seck et al., 2008b) , nevertheless, these extramembranous ornamentations were not described by El-Naggar et al., 2011. Justine and Mattei (1982a) discussed that, the external ornamentations suspected to play a role in membrane fusion of spermatozoon and ovum during the fertilization process, but the localization of this ornamentation along the spermatozoon varies in these species. While Justine (1991b Justine ( , 1995 reported that this external ornamentation characterized the region of the spermatozoon originating from the zone of differentiation, which corresponds to the anterior areas in the mature spermatozoon, whereas the rest of the spermatozoon originates from fusion of the three, processes and has no ornamentations.
The presence of 2 mitochondria in the spermatozoon has been described in most digeneans, as H. medioplexus (Burton, 1972) , C. lingua (Rees, 1979) , Paragonimus ohirai (orido, 1988), Notocotylus neyrai (Ndiaye et al., 2003a) , E hirundus (Soliman and Ahmed, 2004) , C. metoecus and A. aswaninesis (El-Naggar et al., 2011) .
Several hypotheses have been formulated to explain this phenomenon, mainly related to the late fusion of multiple mitochondria that migrate into the spermatid body (Ndiaye et al., 2003a,b) .
The cross sections along the spermatozoon of A. (A.) aswaninesis revealed that, the number of cortical mictrotubules decreases gradually from the anterior to the posterior end until they completely disappear. This is Identical to those described in Dicrocoelim dendriticum (Cifrian et al., 1993) , Maritrema linguilla (Hendow and James, 1988) , E. hirundus (Soliman and Ahmed, 2004) , C. metoecus and A. aswaninesis (El-Naggar et al., 2011). Fairweather (1990, 1992) suggested that the cortical microtubules may be involved in the migration of the nucleus and mitochondria and have a possible role in the flexing movements of the sperm. The number and distribution of cortical microtubules vary from species to species and from region to anthor along the length of the spermatozoon, their function is generally considered be cytoskeletal.
The present work described 4 attachment zones correspond to the fusion lines between the median cytoplasmic process and the flagella. The 4 fusion lines have been described in several digenean spermatozoa, i.e., C. linguea (Rees, 1979) , M. linguilla (Hendow and James, 1988) , Diphterostomum brusinae (Levron et al., 2004a) and C. metoecus .
Finally, the posterior end of the spermatozoon has only a few microtubules, resulting from the disorganization of the second axoneme, this is similar to Neochasmus sp (Jamieson and Daddow, 1982) , N. neyrai (Ndiaye et al., 2003a) and C. metoecus .
According to the present knowledge of the ultrastructure of spermiogenesis, the mature sperm, the two mitochondria and the external ornamentation of the plasma membrane may offer great potential for phylogenetic applications.
